Abstract: Forests are a key player within the global carbon cycle and reforestation is an important climate change mitigation mechanism. In this study, we identify potentially suitable areas for reforestation to assess the carbon sequestration potential in the highly deforested and degraded Amhara region of Ethiopia. We apply biogeochemical mechanistic ecosystem modelling to predict the amount of carbon that can be potentially sequestered within different time horizons. Since human intervention plays a key role within the Amhara region, three different forest management scenarios and five different rotation periods following reforestation are tested: (i) unthinned; (ii) removal of 5% of the stem carbon every 20 years (thinning 1); and (iii) removal of 10% stem carbon every 20 years (thinning 2), as well as a rotation period of 10, 30, 50, 100, and 150 years. Sustainable management of reforested land is addressed by implementing the so called 'Normal-forest' system (equal representation of every age class). This ensures the long term sequestration effect of reforested areas. The study shows that 3.4 Mha (Mha = Million hectare) of land, including bare land (0.7 Mha), grass land (1.2 Mha), and shrub land (1.5 Mha) can be considered as ecologically potentially suitable for reforestation. Assuming a 100 year rotation period in a 'Normal-forest' system, this shows that a total net carbon sequestration potential of 177 Tg C (10.8 Tg C in the soil and 165.9 Tg C aboveground; Teragram = 10 12 g) is possible, if all 3.4 Mha are replanted. The highest total net carbon sequestration (soil and aboveground) was evident for the Highland-wet agro-ecological zone, whereas the lowest values are typically in the Midland-dry zone. The highest net aboveground carbon sequestration was predicted for reforestations on current grass land and shrub land versus bare land, whereas the highest net soil carbon sequestration was predicted on current bare land, followed by grass land and shrub land.
Introduction
Information on forest carbon dynamics, carbon stocks, and the sequestration potential of forests is increasingly necessary, as forests play a significant role in mitigating climate change. The highest proportion of terrestrial carbon is stored in forest ecosystems [1] . Thus forests are important to balance global carbon dioxide (CO 2 ) [2] [3] [4] . Human activities are important considerations because land use change and forest management directly affect the forest conditions and thus the carbon cycle.
In Ethiopia, population growth and investment followed by deforestation and land use change have led to a dramatic decline in forest land during the last decades [5] [6] [7] . Additionally, we see heavy disturbances in the remaining natural forests, such as cattle grazing or logging that result in severe soil degradation [8] [9] [10] . A study in the north-western highlands of Ethiopia revealed a decrease in natural forest cover from 27% in 1957 to 2% in 1982 and to 0.3% in 1995 [11] . The study also shows The remaining natural forest areas, even though they are often degraded, are banned from human intervention [11, 16, 35] as they are highly important for implementing the CRGE strategy of the Ethiopian government. Information from available studies in Ethiopia focuses on the aboveground and soil carbon stock of current forests using plot level information [14, 15] . However, only a few studies [25, 26, 34, 36] address the carbon sequestration potential due to reforestation and sustainable forest management in Ethiopia.
The purpose of this study is to estimate the reforestation potential and carbon storage options of degraded dry tropical Afromontane landscapes in the Amhara region of Ethiopia. Since forests are an important source of fuel and construction material for the local population, we include (a) three different thinning scenarios and (b) five different rotation lengths (10, 30, 50 , 100, and 150 years), assuming a so called 'Normal-forest' system (equal representation of every age class). No climate change scenarios are considered, though, because of the high additional uncertainty different climate change trajectories would cause over such long simulation periods, when one purpose of this study is to compare the impact of different rotation lengths. As a diagnostic tool, we chose the process-based biogeochemical (BGC) ecosystem-flux model Biome-BGC to estimate the carbon sequestration potential of reforestations in different agro-ecological zones, for different current land uses, and under different forest management options. The model was chosen because it simulates forest growth and soil development by simulating major carbon, nitrogen, and water pools in fluxes in response to climatic and soil variables and different forest management options. In a previous study, the model had been tested and evaluated with measured vegetation carbon, soil carbon, and net primary production (NPP) data across different agro-ecological zones (across elevation, temperature, and precipitation gradients) within the Amhara region [10] .
The main working steps can be summarized as follows. (i) Identifying the potentially suitable reforestation areas; (ii) predicting the soil and aboveground carbon sequestration potential in different agro-ecological zones according to different land use types; and (iii) assessing management impacts (thinning and rotation length) on the forest soil and aboveground carbon stocks.
Materials and Methods

Study Area
Our study area, the Amhara region in Northern Ethiopia, extends 9 • 20 -14 • 20 N and 36 • 20 -40 • 20 E, and covers 15.7 Mha (Million Hectares). The current land use distribution, according to the Bureau of Agriculture [37] , consists of 12 land use classes ( Figure 1a) . The region has a high altitudinal gradient, ranging from lowland (500 m) to high alpine areas, with Ras Dejen as the highest peak (4620 m above sea level) (Figure 1b) . The mean daily temperature is 17.1 • C. The mean annual precipitation is 1270 mm, with 80% of the annual rainfall recorded between June and September. The natural vegetation in the Amhara region according to Friis et al. [38] is classified as follows:
• Combretum-Terminalia woodland and wooded Grassland in the lowlands (<1800 m); • Dry evergreen Afromontane forest and Grassland (1800-3200 m); • Afro-alpine vegetation and Ericaceous belt (>3200 m). 
Model Description and Simulation Procedure
We used the process-based biogeochemical mechanistic ecosystem model Biome-BGC [39, 40 ] version 4.1.2 [41] to assess the impact of reforestation/afforestation (hereafter called reforestation) and different forest management scenarios on carbon storage across the highly diverse landscape of Amhara. The model was chosen because it simulates forest growth and soil development in response to atmospheric (climate, CO2 concentration, nitrogen deposition) and soil variables (i.e., total soil depth and texture) and different forest management measures, such as planting of specific forest types, clear cuts, and different types and intensities of thinning. The advantage of the model is that it simulates pools and, compared to other ecosystem models, it does not require tree populations to initialize a simulation run. Furthermore, in a previous study we evaluated Biome-BGC for different forest and agro-ecological zones (across elevation, temperature and precipitation gradients) in the Amhara region, using measured vegetation carbon, mineral soil carbon, and net primary production data [10] .
Biome-BGC simulates the pools and fluxes of carbon, nitrogen, and water in a specific ecosystem. Carbon is stored in different plant and soil compartments, characterized by specific C/N-ratios, lifespan, and degradability. Carbon assimilation (gross primary production-GPP) is simulated with the Farquhar-photosynthesis routine. The supply with CO2 for photosynthesis is regulated by stomatal conductance. Growth and maintenance respiration lower the amount of carbon that can be used for the build-up of the plant compartments (GPP-respiration = NPP). Dead organic matter is decomposed and builds up the soil carbon stocks. The velocity of decomposition depends on the content of labile organic carbon, cellulose, and lignin in the different plant compartments. Decomposition provides mineralized nitrogen for plant growth. The main water cycle processes are interception (leaf area index-LAI and leaf type dependent), storage in the soil (soil depth and texture dependent), and evapotranspiration from the soil or through the leaves (stomatal conductance dependent). The processes in Biome-BGC typically also are temperature and moisture dependent and are interconnected through various feedback-loops within and among the carbon, nitrogen, and water cycles. All details on the processes have been previously published [39] [40] [41] [42] [43] . Biome-BGC uses either biome or species specific eco-physiological parameters to simulate pools and fluxes of a given forest ecosystem [43] [44] [45] [46] . Within Biome-BGC, a typical ecosystem or biome type is defined by 35 eco-physiological parameters, which can be obtained from the literature [43] , or intensive monitoring sites [44] . For this study, we selected the eco-physiological parameters for the 
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Biome-BGC simulates the pools and fluxes of carbon, nitrogen, and water in a specific ecosystem. Carbon is stored in different plant and soil compartments, characterized by specific C/N-ratios, lifespan, and degradability. Carbon assimilation (gross primary production-GPP) is simulated with the Farquhar-photosynthesis routine. The supply with CO 2 for photosynthesis is regulated by stomatal conductance. Growth and maintenance respiration lower the amount of carbon that can be used for the build-up of the plant compartments (GPP-respiration = NPP). Dead organic matter is decomposed and builds up the soil carbon stocks. The velocity of decomposition depends on the content of labile organic carbon, cellulose, and lignin in the different plant compartments. Decomposition provides mineralized nitrogen for plant growth. The main water cycle processes are interception (leaf area index-LAI and leaf type dependent), storage in the soil (soil depth and texture dependent), and evapotranspiration from the soil or through the leaves (stomatal conductance dependent). The processes in Biome-BGC typically also are temperature and moisture dependent and are interconnected through various feedback-loops within and among the carbon, nitrogen, and water cycles. All details on the processes have been previously published [39] [40] [41] [42] [43] . Biome-BGC uses either biome or species specific eco-physiological parameters to simulate pools and fluxes of a given forest ecosystem [43] [44] [45] [46] . Within Biome-BGC, a typical ecosystem or biome type is defined by 35 eco-physiological parameters, which can be obtained from the literature [43] , or intensive monitoring sites [44] . For this study, we selected the eco-physiological parameters for the biome type 'tropical evergreen broadleaved forest', suggested by Ichii et al. [47] for several reasons: (1) We had already successfully used and evaluated this parameter set for its applicability on diverse Ethiopian dry Afromontane forest ecosystems [10] ; (2) We assumed a reforestation with a natural species mix as opposed to frequent plantations with non-natives such as Eucalyptus sp.; (3) There is no other suitable parameter setting available for Ethiopian Afromontane forests.
As a fully prognostic model, Biome-BGC has two main working steps: the 'spin-up' and the current simulation run. The first step, the spin-up, initializes the model for a given ecosystem by mimicking the development of a theoretical virgin forest ecosystem [41, 42] . In the spin-up run, the model accumulates carbon and nitrogen until the carbon content of the mineral soil has reached a 'steady state'. After the spin-up, the second modelling step addresses potential historic impacts due to management, changes in forest type/species, and atmospheric conditions as they affect the carbon balance of ecosystems.
The forest simulations are performed on a systematic grid size resolution of 0.083 • , which means that every tenth climate grid point is simulated (see Section 2.3). Every simulation grid point represents an area of 9 km by 9 km. With this approach, we ensure the necessary level of detail (sufficient number of grid points within the expected vegetation groupings) and are flexible enough to increase the level of detail (more grid points) within a specific area of interest, if needed.
Climate and Geospatial Data
Daily Climate Data
For the study area, 32 years (1979-2010) of daily climate data, namely, minimum and maximum temperature ( • C) and precipitation (mm), are available from Sisay et al. [48] . This data set consists of downscaled global precipitation and temperature data at a 0.0083 • resolution and has been validated with local meteorological stations from the Amhara region [48] . In addition to the daily minimum and maximum temperature and precipitation, solar radiation, vapor pressure deficit, and day-length are required for running Biome-BGC and for calculating the aridity index.
With daily minimum and maximum temperature, as well as daily precipitation, we derived solar radiation (Wm −2 ), vapor pressure deficit (Pa), and day-length (s), using the algorithms implemented in the Mountain Climate Simulator (MT-CLIM) [49, 50] .
Aridity Index
With the available climate data we derived the aridity index (AI), defined as a ratio of the mean annual precipitation (P) versus the mean annual potential evapotranspiration (MEP) [51] :
Potential evapotranspiration is a measure for the 'drying power' of the atmosphere in removing water through evapotranspiration from the surface at optimal crop and soil water conditions [52, 53] . We used the formula of Hargreaves et al. [54] to calculate the MEP, which is similar to the FAO Penman-Monteith method [52] . It has the advantage of requiring fewer climate parameters [23] . Potential evapotranspiration (PEP, mm/month) for every month was calculated according to the following formula and later summed up to an annual estimate:
where Tmean is the mean monthly temperature ( • C), TD the mean monthly temperature range ( • C), and RA solar radiation (MJ m −2 day −1 ).
Initial Soil Conditions
Realistic estimates of the current aboveground carbon as well as of the soil carbon and nitrogen stocks of potential reforestation areas are important for our analysis. These numbers are important for assessing growth and productivity of planted trees [18] and deriving realistic starting conditions for our Biome-BGC simulations. Current stocks are also necessary to calculate the carbon gain after reforestation. Typically, it is impossible to find detailed field inventory data at a larger scale. For our study, only few empirical mineral soil data were available from local inventories, including data collected in one of our previous studies [5, 9, [55] [56] [57] [58] [59] [60] [61] . From these published results, we derived mean soil carbon and nitrogen by land use type and a correction factor for soil carbon and nitrogen from a preparatory spin-up simulation to obtain spatially explicit soil carbon and nitrogen stocks across the study area as a starting condition for the reforestation simulations.
The starting conditions were generated according to the following procedure: (i) From available literature we calculate the current mean soil carbon (SoilC L ) and current mean nitrogen (SoilN L ) content by land use type (Table 1 ); (ii) as a result of the spin-up simulations with Biome-BGC (see Section 2.2), we have a theoretical maximum soil carbon stock (SoilC M ) by land use type for each grid point; (iii) using the reported literature values and the spin-up results, we can derive a soil correction factor (CF) as the ratio of the mean SoilC L versus theoretical mean SoilC M ; (iv) we use this correction factor to calculate the individual current (='initial') carbon stock (SoilC I ) for each simulation point by multiplying the spin-up values of each simulation point (SoilC M ) with the correction factor (CF) by land use type; (v) finally, we determine the individual initial soil nitrogen (SoilN I ) for each simulation point by dividing SoilC I with the observed C/N ratios from the literature (SoilC L /SoilN L ). All above mentioned parameters are shown by land use type in Table 1 .
Other Site and Atmospheric Data
The physical site variables soil depth and texture were derived for every simulation point from the regional soil depth and texture map, provided by Amhara Design and Supervision Works Enterprise [62] . Slope, aspect, and elevation for each simulation grid point were extracted from the regional Digital Elevation Model (DEM, 30 m by 30 m). According to Friis et al. [38] and Hurni [63] , the Ethiopian Afromontane area can be classified in Lowlands, Midlands, Highlands, and Alpine elevation areas (see Figure 1b) .
Preindustrial atmospheric CO 2 concentration and nitrogen deposition information, as needed for Biome-BGC, was set to 278 ppm [50, 64] and to 0.129 gN m −2 year −1 [65] , respectively. The current average nitrogen deposition rate is 0.747 gN m −2 year −1 , calculated as the mean of two different values (0.507 and 0.986 gN m −2 year −1 ) given by Dentener et al. [65] for the study area. Table 1 . Site characteristics and initial conditions of identified reforestation areas. The size of each land use in million hectares (Area), number of simulation points (Points), mean daily minimum temperature (T min ), mean daily maximum temperature (T max ), mean annual precipitation (P mean ), literature derived current soil carbon (SoilC L ), aboveground carbon (AboveC L ) and soil nitrogen (SoilN L ), median soil carbon from spin-up simulations (SoilC M ) representing the theoretical maximum, correction factor (CF) calculated as the ration of SoilC L and SoilC M and results for the initial soil carbon stocks (SoilC I ) derived from the spin-up results of each simulation point multiplied with the correction factor, and averaged over all simulation points per land use type. Initial soil nitrogen stocks (SoilN I ) was calculated as SoilC I devided by the C/N ratio from the literature (SoilC L /SoilN L ). The values in the parenthesis give the minimum and maximum. 
Land Use
Area (Mha) Points T min ( • C) T max ( • C) P mean (mm) SoilC L (t C ha −1 ) AboveC L (t C ha −1 ) SoilN L (t N ha −1 ) SoilC M (t C ha −1 ) CF (%
Forest Management Scenarios
Forest management type, the management interval, and intensity may differ depending on the goals of the land owner. In Ethiopia, it is difficult to find documented forest management practices, which are implemented in private or state owned forest areas. Furthermore, sustainable forest management, as is common in Europe or other parts of the world, is unknown in Ethiopia. As a result, species selection and management type in private plantations are driven by the demands of the timber market.
In this study, we address potential forest management options according to REDD+ ideas (i.e., optimizing carbon sequestration and providing social and environmental benefits) and define three different thinning regimes: (i) unthinned (control scenario); (ii) thinning 1, with tree removal of 5% of the standing volume every 20 years; and (iii) thinning 2, with a removal of 10% of the standing volume every 20 years. The first tree removal was assumed at age 40 years in the latter two scenarios. Thinning as simulated with Biome-BGC involves a certain proportion of live biomass either being removed from the system or transformed to other carbon pools.
All leaves and fine roots of the cut trees are translocated into the so called 'litter' carbon pool, which is characterized by the fasted degradation, and coarse roots are translocated into a 'coarse wood debris pool', where the cellulose and the lignin content are responsible for a much slower degradation as compared to the 'litter' pool. The degradation of litter and coarse woody debris (stemming from thinning and natural mortality) contributes to the build-up of the soil carbon stocks. As timber and fuelwood consumption is assumed, the thinned stem carbon is removed from the system.
In addition to the thinning scenarios, we propose the implementation of the 'Normal-forest' approach, which provides a simple framework for ensuring sustainability based on an equal distribution of the land area by age and a defined rotation length. With this implementation design we ensure sustainable forest management by providing a sustainable income option for the land owners so that a mutual interest in planting trees, income and a reduction of deforestation or even recovery of land can be generated. For example, if we reforest 500 ha of land with a defined rotation length of 100 years, we start by reforesting 5 ha every year to ensure an equal age class distribution after 100 years. From the year 100 onwards, a sustainable annual harvest of 5 ha per year is ensured. The cut 5 ha may then regenerate naturally or be replanted. In addition, thinning options are possible to allow the harvest of forest resources throughout the rotation period and to improve the growing conditions of the remaining trees.
This concept was developed in Europe during the late 18th century by Hundeshagen and Heyer [66, 67] and was successfully implemented in large parts of the world to address conditions to those in Ethiopia today-significant loss or exploitation of forest resources, followed by large degradation effects and a rapid decline of soil productivity.
Results
Identification of Potential Reforestation Areas
The selection of areas for reforestation needs to consider ecological and socioeconomic constraints and follow three criteria: (1) land use suitability; (2) potential elevation/vegetation belt; and (3) the aridity index. Only if all three criteria are within the suitable range for replanting, the area will be suggested for reforestation.
Land Use Suitability
Based on the land use map of the Bureau of Agriculture [37] (Figure 1a) , we classified three key land use types relevant for reforestation: (i) bare land; (ii) grass land; and (iii) shrub land (Table 1) . Bare land includes abandoned crop or other land use forms due to low productivity or severe erosion problems.
Potential Elevation/Vegetation Belt
As dense high forest only naturally occurs in the 'Dry evergreen Afromontane forest and grassland' vegetation belt between 1800 m and 3200 m [38] (Section 2.1), reforestation is only proposed in this vegetation belt. Following the classification of Hurni [63] , reforestations in this elevation/vegetation belt can be divided into Midlands (<2300 m) and Highlands (>2300 m) (see Figure 1b) . In addition, each vegetation belt is distinguished in dry areas with <900 mm precipitation, moist areas with 900 mm to 1400 mm, and wet areas with >1400 mm of annual precipitation. This results in six agro-ecological zones (Table 2) . Table 2 . Agro-ecological zones (Agro-ecology), Elevation ranges (Elevation), and Annual precipitation ranges (P mean ), area size of each agro-ecological zone in million hectare (Area), number of simulation points (Points), and annual NPP (10-year mean, years 91-100 after reforestation) from Biome-BGC simulations (unthinned) averaged over the simulation points. We applied the aridity index (AI) as calculated according to Equations (1) and (2) (Section 2.3.2) Figure 2a ) as numerical indicators for each grid point to classify the climatic zones [68] . Areas with an aridity index AI < 0.65 are excluded from reforestation, because they do not support dense forests but only more xeric vegetation types [23] .
Land
Combining our selection criteria (1) land use suitability; (2) potential elevation/vegetation belt; and (3) an AI > 0.65, for selecting potential reforestation areas for the Amhara region, suggests that 3.4 Mha or 22% of the total land area are ecologically suitable for reforestation. This includes 0.7 Mha of bare land, 1.2 Mha of grass land, and 1.5 Mha of shrub land. Summary statistics are given in Table 1 , the spatial patterns are provided in Figure 2b . Most of the bare land and shrub land is located in the central, eastern, and north-eastern part of the Amhara region (Figure 2b ), areas often rugged and mountainous. Grass land is predominantly located in flat and crop dominated areas, especially in the southern and western part of Amhara. 
Temporal Development of Carbon Sequestration by Land Use Type and Thinning Scenarios
Next, we were interested in the carbon sequestration potential of the identified reforestation areas according to the three land use types including the determined soil carbon and nitrogen starting conditions at the time of reforestation.
For each grid point (0.083°~9 km by 9 km), we simulated the carbon accumulation over 150 years. As starting conditions for soil carbon and nitrogen, we used the grid point specific initial carbon values as determined by the procedure described in Section 2.3.3. The simulations involved the three thinning scenarios. The mean development of soil and aboveground carbon of the 81 simulation points in the bare land area, the 135 points within the grass land, and 160 grid points of shrub land area is shown in Figure 3 . Soil carbon increase over 150 years could be shown to be highest on bare land, but to start from the lowest initial soil carbon values of about 27 t C ha −1 , as opposed to an average initial soil carbon across all grass land and shrub land grid points of about 59 t C ha −1 ( Table 1 ). The development of aboveground carbon shows a slower development on bare land and fast growth for shrub land and especially grass land (see Figure 3d-f) . In contrast to the soil, the impact of the thinning intervention is visible as a direct drop of aboveground carbon immediately after each thinning and at a lower aboveground carbon stock after 150 years with increasing thinning intensity. 
For each grid point (0.083 •~9 km by 9 km), we simulated the carbon accumulation over 150 years. As starting conditions for soil carbon and nitrogen, we used the grid point specific initial carbon values as determined by the procedure described in Section 2.3.3. The simulations involved the three thinning scenarios. The mean development of soil and aboveground carbon of the 81 simulation points in the bare land area, the 135 points within the grass land, and 160 grid points of shrub land area is shown in Figure 3 . Soil carbon increase over 150 years could be shown to be highest on bare land, but to start from the lowest initial soil carbon values of about 27 t C ha −1 , as opposed to an average initial soil carbon across all grass land and shrub land grid points of about 59 t C ha −1 ( Table 1 ). The development of aboveground carbon shows a slower development on bare land and fast growth for shrub land and especially grass land (see Figure 3d-f) . In contrast to the soil, the impact of the thinning intervention is visible as a direct drop of aboveground carbon immediately after each thinning and at a lower aboveground carbon stock after 150 years with increasing thinning intensity. 
Gross and Net Carbon Sequestration Potential by Agro-Ecological Zone
As productivity follows topographic conditions and climatic patterns, we clustered our Biome-BGC simulation results for NPP, soil, and aboveground carbon according to the six agro-ecological zones ( Table 2 ). The productivity differences across the agro-ecological zones are directly visible from the NPP, which is highest for Highland-wet and lowest for Midland-dry ( Table 2 ). The results of the 100 year soil and aboveground carbon stock predictions by agro-ecological zone and thinning scenario are shown in Table 3 . The highest accumulated soil carbon stocks ('gross', including initial carbon and carbon gain after reforestation) is evident on grass land, zone Highland-wet (91 t C ha −1 , no thinning), while the lowest stocks can be expected at bare land, zone Midland-dry (26 t C ha −1 , no thinning, Table 3 ). Similarly, the highest and lowest aboveground carbon stocks are found in grass land, zone Highland-wet (150 t C ha −1 , no thinning), and bare land, zone Midland-dry (51 t C ha −1 , no thinning), respectively. The spatial distributions of predicted soil and aboveground carbon and annual NPP across the reforestation areas are depicted in Figure 4 .
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As productivity follows topographic conditions and climatic patterns, we clustered our Biome-BGC simulation results for NPP, soil, and aboveground carbon according to the six agro-ecological zones ( Table 2 ). The productivity differences across the agro-ecological zones are directly visible from the NPP, which is highest for Highland-wet and lowest for Midland-dry ( Table  2 ). The results of the 100 year soil and aboveground carbon stock predictions by agro-ecological zone and thinning scenario are shown in Table 3 . The highest accumulated soil carbon stocks ('gross', including initial carbon and carbon gain after reforestation) is evident on grass land, zone Highland-wet (91 t C ha −1 , no thinning), while the lowest stocks can be expected at bare land, zone Midland-dry (26 t C ha −1 , no thinning, Table 3 ). Similarly, the highest and lowest aboveground carbon stocks are found in grass land, zone Highland-wet (150 t C ha −1 , no thinning), and bare land, zone Midland-dry (51 t C ha −1 , no thinning), respectively. The spatial distributions of predicted soil and aboveground carbon and annual NPP across the reforestation areas are depicted in Figure 4 . Tables 1 and 3) ; (c) AboveC G -Gross aboveground carbon stock (t C ha −1 year −1 ); (d) annual net primary production (NPP, 10-year mean, years 91-100 after reforestation). An important step of the reforestation programs is the assessment of the expected change in stored carbon, the 'net' carbon storage. The net carbon stock (see Table 3 ) was calculated as the difference between the carbon stock and the corresponding initial carbon stocks for soil (SoilC I ) and above ground (AboveC L ), which were obtained from the published literature (Section 2.3.2, Table 1 ). Results of the net carbon storage by land use type, agro-ecological zone, and management scenario after 100 years following reforestation are shown in Table 3 . In contrast to gross carbon, the highest net soil carbon stock is found on bare land, zone Highland-wet, (10.1 t C ha −1 , no thinning), and the lowest at shrub land, zone Midland-dry (2.6 t C ha −1 , no thinning), whereas the highest aboveground net carbon stock is again found in grass land, zone Highland-wet (147 t C ha −1 , no thinning), and the lowest in bare land, zone Midland-dry (51 t C ha −1 , no thinning).
Sequestration Potential in a 'Normal-Forest' System
Tested forest management options include different rotation lengths in a Normal-forest system and three thinning scenarios (unthinned, thinning 1 and thinning 2). Table 4 shows the results of gross and net soil and aboveground carbon storage for a 100 year rotation 'Normal-forest' system by land use type, agro-ecological zone, and management scenario.
Since the rotation length is an important element for the total carbon storage of age classes of a 'Normal-forest' system, we were next interested in the effect of different rotation lengths. The principle approach remains the same (equal share of land area according to rotation lengths). We defined five different examples for rotation length (10, 30, 50 , 100, and 150 years) and calculated the equal share according to the 'Normal-forest' concept. Table 5 shows the results according to the defined rotation lengths for soil and aboveground carbon stocks per hectare for bare land, grass land, and shrub land and the three management scenarios. Again, gross and net carbon stocks are shown (net = gross minus initial/current).
The final step of our study was to provide an estimate for the total potential carbon storage in the Amhara region, assuming that the 'Normal-forest' system would be in place for the whole identified potential reforestation area of 3.4 Million hectares (compare Figure 2b) . Table 6 provides the gross and net carbon gain by land use type, rotation length, and management regime. The potential net carbon storage over 100 years for the whole proposed reforestation land of the study area is estimated to be, in the unthinned scenario, 176.7 Tg C (10.8 Tg C in soil and 165.9 Tg C aboveground) (Table 6) or, if given per hectare, 52 t C ha −1 (3.2 t C ha −1 in soil and 48.8 t C ha −1 aboveground, Table 5 ). Allowing for heavier thinning (thinning 2, 10% every 20 years), the total sequestration potential would be 158.5 Tg C (10.9 Tg C in soil and 147.6 Tg C aboveground) ( Table 6 ). Table 4 . Model predicted carbon sequestration potential through reforestation in a 'Normal-forest' system with a 100 year rotation period for different current land uses, in different agro-ecological zones and under different managements. Initial soil carbon (SoilC I ) and aboveground carbon (AboveC L ) are obtained as described in Table 1 . Normal-forest gross carbon stock (SoilC NF-G , AboveC NF-G ) is derived by summing model predicted carbon stock from year 0 to 100 and divided by the rotation period (100 year). Net carbon stock (SoilC NF-N , AboveC NF-N ) is the difference between gross carbon stock and the corresponding initial carbon stock (SoilC I and AboveC L ).
Land Use
Agro Table 5 . Model predicted carbon sequestration potential through reforestation for different 'Normal-forest' rotations periods (10, 30, 50, 100, and 150 years) in different land use types and under different managements. Initial soil carbon (SoilC I ) and aboveground carbon (AboveC L ) are obtained as described in Table 1 . All carbon values are in (t C ha −1 ). Since, according to our management scenarios, no management is applied in the first two rotation period options (10 and 30, see Section 3.3), we present only 'Unthinned' in the first two rotation period options. 
Discussion
The Amhara region in Ethiopia has an estimated area potentially suitable for reforestation of about 3.4 million ha or 22% of the total land area (Figure 2 ). Considering the current forest coverage of about 250,000 ha, which is less than 2% of the Amhara region [14] , the potential is great and reforestation in the region could substantially contribute to the suggested REDD activities within Ethiopia. Note that Amhara represents 14% of Ethiopia's land area but could contribute around 20% of Ethiopia's 2030 target for afforestation with 16.1 Mha [27] .
Any successful implementation of the proposed potential reforestation areas will depend on a practical implementation plan. We suggest the implementation of the Normal-forest approach (e.g., equal share of area by age according to a pre-defined rotation period) and improvements of the forest management regulations and a clarification of the forest user rights [28] . Furthermore, important factors determining forest productivity and thus carbon sequestration potential are (i) site elevation and the associated climatic conditions; (ii) initial land use as an indicator for soil degradation; as well as (iii) forest management [69] [70] [71] [72] .
In Amhara, the Midlands (elevation range from 1800 m to 2300 m) and especially the Highlands (2300 m to 3200 m) are the most productive, but also highly populated areas, versus the sparsely populated Lowlands (500 m to 1800 m) and Alpine areas (>3200 m). Our recommendations in focusing on reforestation activities at elevations between 1800 m and 3200 m is in line with common practices since already established forest plantations are mainly in the Midlands and Highlands [11, 73] . Aridity and frequent fires limit forest growth in the 'Combretum-Terminalia woodland and wooded grassland' of the Lowlands (see Figure 2 and Equations (1) and (2) for Aridity index, a measure for water stress). Forest plantations in this Lowland vegetation belt would be jeopardized by severe water stress, followed by salinity problems, by free livestock grazing [74] and a dense layer of tall grasses. Drought together with a dense grass layer promotes forest fires in the Lowlands, which may occur several times per year [38] . Thus, only so called 'exclosures' [15, 75] , which are fenced and guarded areas with natural regeneration and no or reduced grazing may help to restore the woodland areas in the Lowlands [76] . Unfortunately, it is especially the Combretum-Terminalia woodlands that are suffering from recent deforestations [27] .
Within the determined suitable elevation belt for reforestation in Amhara region, the Highlands show higher NPP and aboveground as well as soil carbon stocks versus the Midlands (Tables 2-4) . These productivity variables are also higher on wet versus dry sites, for example, agro-ecology 'wet' vs. agro-ecology 'dry'. This indicates that the climatic condition in the Highland-wet zone induces less drought stress and favors vegetation growth [77] . Another observed effect is the trend in the contribution of soil carbon storage to the total storage across the moisture gradient. Both in Midlands and Highlands, and similarly for all initial land use types, the contribution of net soil carbon stock to the total net carbon stock is highest in dry conditions (compare Tables 3 and 4) . Dry conditions result in a reduction of forest growth and the decomposition processes, the former leading to lower aboveground carbon storage, the latter to higher carbon accumulation in the soil.
The estimated 3.4 Mha of ecologically suitable reforestation areas include different current land use types, namely, 0.7 Mha (Million hectares) of bare land, 1.2 Mha of grass land, and 1.5 Mha of shrub land (Figure 2 ). The land use distribution follows regional topographic conditions and climatic patterns (Figure 1 ). This confirms previous findings from several studies [38, [78] [79] [80] , which demonstrated that the crop production and other farming activities (grazing etc.) follow vegetation patterns and thus are a constraint by ecological growing conditions.
Although differences among agro-ecological zones (Tables 3 and 4 ) may be more pronounced than differences between the three land use types, interesting differences in soil and above ground soil carbon sequestration among the three land use types could be revealed. Under comparable climate conditions, reforestation on bare land exhibits lower productivity rates (NPP and aboveground carbon storage) (Tables 2 and 3 ) versus the other land use types. We can expect that these sites have experienced the highest degradation effects, as expressed by the lowest initial soil carbon and especially nitrogen stocks (compare Table 1 ). However, reforested areas on bare land showed the highest relative or net carbon and nitrogen gain (Figure 3 ) versus reforested grass land and shrub land (see Tables 3 and 4 ). This suggests that the reforestation of bare land is not just important for avoiding further soil erosion but it is also the land use type where the highest net soil carbon gain can be expected. The highest net carbon gain of the aboveground biomass can be expected for reforested areas on shrub land and grass land, versus bare land (Tables 3 and 4 ). These areas are often highly populated and replanting activities in these areas would address the high demand for fuel wood and timber. Some existing small-scale plantations could already show that this is possible, providing more timer and fuel wood for the local population and reduced pressure on the remaining forests [34] .
In our study, we identified 1.2 Mha of grassland suitable for reforestation; however a potential land use conflict should not be ignored. Grass land is mainly used as a feed source for livestock. A study by Tschopp et al. [81] in the highlands of Ethiopia showed that more than half of interviewed farmers (58%) grazed their animals on communal grass land. Livestock numbers and thus the demand for grazing land increases with an increasing population [81] while grassland is increasingly converted to crop land, either illegally or legally by government initiatives to feed the fast growing Ethiopian population (2.5% increase per year) [82] .
Any successful reforestation project must be simple and should include a forest management plan that integrates harvesting options. Forest management strategies that address both the local people's wood demand and a maximum carbon sequestration potential are an effective incentive for large-scale reforestation programs [83] . Therefore, we analyzed three thinning scenarios (unthinned, thinning 1-5% every 20 years, and thinning 2-10% every 20 years) and a Normal-forest system with different rotation lengths.
In all applied thinning scenarios, the aboveground and soil carbon stock increased compared to the initial stock (Figure 3) , indicating a gain in soil fertility (Figure 3) . Thinning allows the harvest of a certain portion of biomass [18] . Lowered stand density reduces competition, improves the light conditions, and activates decomposition processes, which leads to higher individual growth rates. Note that the thinning impact on the soil conditions by scenario is negligible (Tables 3-6 ).
An important conceptual goal of our study was to provide a long term implementation path for establishing sustainable forest management, including options for a sustainable production and continuous wood supply [84] for the farmers in the region. Practical considerations at the beginning of a large reforestation program need to involve the limitations in the production of planting material, education, and limitation in the work force [85] . Furhtermore the weather conditions at the time of and preceding the planting activity planting are important (i.e., to avoid local droughts and only plant when soils are well saturated). In our study we suggested to expand the planting activities over several years. This helps to organize the logistics but also establishing the proposed 'Normal-forest' system. This approach will also provide a patchy forest landscape of different development stages, which favors biodiversity [86] .
We provide examples (see Table 5 ) for the expected gain in biomass by different rotation lengths and land use forms. It is clear that the rotation length will affect both the gross and the net aboveground carbon stock (AboveC NF in Table 5 ), and therefore the total sequestration potential of reforestation in Amhara (see Table 6 ). The current CO 2 emissions from forestry are estimated to be 55 Mt CO 2e year −1 [26] , which is an equivalent of 15 Tg C year −1 . Our proposed reforestations in Amhara have the potential to sequester between 159 Tg C (thinning 2) and 177 Tg C (no thinning) within 100 years (100 year rotation Normal-forest system, compare Table 6 ). This would balance more than 10% of the annual CO 2 emissions from forestry or around 4% of the total emissions in Ethiopia. Prolonging the rotation period to 150 years increases the carbon sequestration by 5-6%, depending on the thinning intensity. Clear cutting and replanting the forest stands after 50 years would reduce the sequestration potential to less than 2% of the emissions from the forestry sector. It is important that if the potential reforestation area is reforested according to the 'Normal-forest' approach (step wise annual reforestation of an area calculated as the total potential area divided by the chosen rotation length), any further net carbon sequestration from that forest area can only be attributed to the soil (compare with Figure 3 and Table 3 ), because the areas where trees are cut and replanted is equal.
Beside the replanting activities, a cascading use of wood should be promoted to build up an anthropogenic carbon storage pool with a considerable additional storage potential, where even a substitution for fossil fuel burning may be considered [87] . Thus, the fate of the cut timber decides the potential for additional carbon storage, whether the timber is burnt directly or whether the timber is stored in wood products. Higher above ground carbon stocks resulting from an increase in rotation length also lead to thicker trees and thus a wider potential use. While short rotation forestry, as is typical in private small-scale plantations of Ethiopia [88] , mainly produces fuelwood, with increasing rotation length the production of saw timber will increase and more carbon will be sequestered.
Conclusions
Ethiopia has ambitious reforestation goals, aiming at increasing the forest area of 16.1 Mha by 2030. In our study, we show that the Amhara region of north-western Ethiopia has a potential of 3.4 Mha (22% of Amhara) of bare land, grass land, and shrub land, which are ecologically potentially suitable for reforestation. The proposed reforestation directly supports the REDD+ goals and directly meets the sustainable development goals (SDG) of the United Nations [89] . Our study suggests a re-establishment of forests based on the 'Normal-forest system'. If successful, the replanted forest could balance in a 100 year rotation scheme about 10% of the annual carbon emissions from forestry or 4% of the total emissions in Ethiopia. However to ensure the long term reforestation success, resolution for land use conflicts and careful implementation plans for reforestation and sustainable forest management must be put in place. We consider a controlled and sustainable harvesting within the replanted areas by the local population that gives the people immediate benefits and increases the acceptance of the plantations, as a key for the long term success of the established forests.
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